ABSTRACT Feeding activity and growth in different ectoprocts (Elertra pilosa, E. crustulenta, Celleporella hyahna) were related to naturally occurring algal concentrations in order to reveal i f physiological regulation of the lophophore filter-pump to nutritional needs takes place. It was found that filter-feeding activity in E. pjlosa and E. crustulenta is influenced by the concentration of algal cells in the surrounding water When the algal concentration becomes very low (corresponding to a few hundred Rhinonlonas algal cells ml-l) the clearance rate of the ectoprocts is reduced due to a gradual shutting down of the number of actively feeding zooids. The zooids are inactive dunng starvation periods, but feeding is quickly resumed after a new addition of algal cells Nearly 100% of the zooids are filter-feeding within a certain range of algal concentrations, corresponding to roughly 400 to 4000 Rhinomonas reticulata cells ml-l. The maximum individual zoo~dal clearance rate in E. pilosa was measured to be 0.28 m1 h -' zooid-' (18°C). Simultaneous clearance of 2 different sized algal cells in E. crustulenta showed that R. reticulata (6 pm) and Tetraselmis sp. (14 pm) are cleared from the water at approximately the same rate, whereas the removal of 4 pm diameter Isochrysis galbana cells is approximately half this rate. The growth in colony size of C. hyalina and E. pilosa was exponential. The specific growth rate plotted as a function of algal concentration showed that the growth potential (about 10 to 12% d-l) may be fully utilized at about 4000 Rhinomonas cells ml-', corresponding to 5 pg chlorophyll a 1-' This implies that ectoprocts in nature, as a rule, always utilize their clearance capacity and hence have no requirement for physiological regulation of the filter-pump.
INTRODUCTION
Suspension-feeding marine invertebrates must filter large volumes of water to meet their food requirements. The low concentrations of small suspended food particles in the sea are the key to understanding the characteristics of the filter-feeding. Presumably these characteristics evolved according to 'a principle of minimal scaling', whereby the dimensions of the filter-pumps are sufficient to enable continuous feeding at low rates, rather than discontinuous feeding at correspondingly high rate (Jnrgensen 1975) . This hypothesis appears to exclude physiological regulation of the filtration rate in response to nutritional needs. During recent years filter-feeding sponges, polychaetes, bivalves and ascidians have been characterized by analysis of the biological filter-pumps (Riisgbrd & Larsen 1995) . The studies have shown that lowenergy pumps continuously process the surrounding water through filters appropriately dimensioned for coping with the phytoplankton concentrations of the biotope. Thus, there is increasing evidence that filterfeeding in marine environments may be based on the principle of minimal scaling. However, most energetic studies on e.g. filter-feeding mussels are based on the assumption that the filtration rate is physiologically regulated in response to variations in the concentration of phytoplankton (Bayne et al. 1987 , 1988 , 1989 , Hawkins & Bayne 1992 , Willows 1992 . Sprung 1995 ; but see Jsrgensen 1990 , Riisgdrd 1991 , Clausen & Rii.sg6rd 1996 . This raises the question of whether any benthic filter-feeders may have developed a physiological mechanism for regulation of the filter-pum.p to nutritional needs.
To further test the general validity of the above hypothesis for mimimal scaling in benthic invertebrate filter feeders we studied the influence of algal concentration on feeding and growth in ectoprocts.
Ectoprocts are colonial filter-feeding 'moss-animals' which may be regarded as the only group of true bryozoans (e.g. Ryland 1976 , Hayward & Ryland 1995 ; but see Nielsen 1987 Nielsen , 1995 . More than 4000 living species of ectoprocts are known and a n extensive fossil record of their 500 million yr history exists (McKinney 1990 , Nielsen 1995 . Zooids (autozooids) that are capable of feeding constitute the bulk of the ectoproct colony. When feeding, the zooids extend their lophophore, which consists of a n inverted bell-shaped ring of ciliated tentacles, above the colony surface. Movement of lateral cilia on the tentacles produces a water current into the lophophore. During feeding, water containing suspended food particles, mainly phytoplankton, passes between the tentacles on its way out of the feeding apparatus (Ryland 1976) . The particle capture mechanism has recently been studied in detail by Riisgdrd & Manriquez (1997) . Video recordings revealed that particles in the outgoing feeding-currents are stopped and stuck to the tentacles. Subsequently, the particles may move down the frontal surface of the tentacles towards the mouth, but more frequently another downwards transport mechanism is involved. By the action of tentacle flicking the adhering particles are conveyed back into the central current, created by the special lophophore pump-design, to be carried further downwards to the mouth at the bottom of the lophophore. The observations support the hypothesis of a laterofrontal filter, consisting of a row of stiff cilia each about 20 pm long and spaced approximately 5 pm apart (Gordon 1974) , which nlechdnically strains the water. The central lophophore water together with a flicking action of the tentacles clean the fllter and transport the particles towards the mouth.
A number of laboratory feeding and growth experiments have demonstrated the ability of ectoprocts to nourish themselves as true filter-feeders (Bullivant 1968a , b, Menon 1974 , Winston 1976 , Jebram & Rummert 1978 , Best & Thorpe 1983 , 1986 , Gordon et al. 1987 , McKinney 1990 , Okamura 1992 , Hunter & Hughes 1993 , Bayer et al. 1994 , Bayer & Todd 1996 . Recently RiisgArd & Manriquez (1997) quantified the zooidal water-processing rates in 15 species of actively feeding ectoprocts, but there is a general lack of information about the degree to which the filtration potential is actually being utilized in nature.
Hitherto, only a few attempts have been made to relate feeding activity and growth of ectoprocts to natural (low) algal concentrations. Bullivant (1.968a) measured the clearance rate of the ctenostome Zoobotryon verticillaturn at different algal concentrations to determine the 'satiation concentrations' with 4 species of algae. Above the satiation concentration it was found that the clearance rate decreased and it was assumed that the clearance rate declined in such a way that the ingestion rate became constant. A functional response of this type would imply that the filtration rate of ectoprocts is physiologically regulated.
In the present work we identify the range of algal concentrations within which ectoprocts exploit their clearance capacity. Feeding activity (i.e lophophore out) is related to the presence of algae in the surrounding water in order to interpret alterations in colony clearance rates as a response to both extremely low and unnaturally high algal concentrations. Further, we identify the lowest algal concentration that causes maximum growth rate of these ectoprocts in laboratory feeding experiments and compare this concentration with phytoplankton levels in nature in order to check if this implies that the clearance capacity is always utilized (i.e. no regulation of the filter-pump).
MATERIALS AND METHODS
Clearance rate capacity of Electra pilosa. All work on E. pilosa was performed at the School of Biological Sciences, University of Wales, Bangor, UK. The first goal was to measure the unlimited maxlrnum clearance rate (i.e. the 'clearance capacity') of a n individual zooid of E. pilosa in order to use this rate as a reference in subsequent experiments. Eight colonies of laboratory cultured E. pilosa, each growing on a rectangular piece of glass (7 5 X 3.9 cm) and covering an area of 2.8 to 14.5 cm2, were fixed in a vertical position on the inner side of a glass vessel (height 6 cm, diameter 11 .7 cm). The experimental vessel, containing the colonies, as well as 550 m1 of filtered (0.2 pm) seawater (35%0S) and a magnetic stirrer, was placed on top of a combined temperature controlled plate (18"C)/magnetic stirrer. Approximately 3500 Rhinornonas reticulata (formally Rhodomonas baltica; Novarino 1992) cells ml-' were then added. Following an exposure period of about half an hour, the first measurements in a series of regular sampling was taken to determine the algal concentration. The reduction in the number of algal cells as a function of time was followed by taking samples (15 ml) every 5 to 10 min and measuring the algal concentration with an electronic particle counter (Elzone model 80 xy fitted with a 76 pm orifice tube; coincidence ~5 % ) .
Following each measurement, the remaining water (about 13 ml) was immediately returned to the experimental beaker to ensure only an insignificant reduction in the total volume of water.
The clearance rate (F) was determined from the exponential reduction in algal cell concentration using the formula:
where CO and C, are the algal concentrations at time 0 and time t, respectively, V = volume of water, and n = number of ectoprocts counted under a stereo-microscope observed as the number of zooids containing algal pigment inside the gut (i.e. they had been actively feeding during the experiment). The exponential reduction in algal cell concentration was monitored and verified as a straight line in a semilog plot. The sedimentation rate of algal cells measured in controls without ectoproct colonies corresponded to <5 % of the clearance rate of the ectoprocts; corrections for sedimentation were therefore omitted. Feeding-activity response to algal concentration. In order to study the feeding activity of Electra pilosa exposed to different initial microalgal (Rhinornonas reticulata) concentrations, the set-up described previously was modified. The magnetic stirrer was removed and strong mixing was instead generated by means of air-bubbling. Furthermore, one of the colonies was placed on the bottom of the vessel so that a certain area (27 mm') of zooids could be observed (and counted) by means of a stereo-microscope. The zooids were starved overnight previous to an experiment. After adding an initial algal concentration to the experimental vessel, water samples for measurement of the algal concentration were taken every 5 min, simultaneously with counting of the number of active zooids (i.e. lophophore out). The clearance rate was calculated for every 5 min interval using Eq (1).
Feeding and particle retention in Electra crustulenta. E. crustulenta was collected on Fucus serratus in Icerteminde Fjord, Denmark, and clearance experiments were performed at 20%S and 20°C at the Fjord Biology Laboratory, Kerteminde, Denmark. Algal cells were added to a 100 m1 glass beaker containing strongly aerated seawater (90 ml) and a colony of E. crustulenta growing on the surface of a fixed piece of F. serratus. Particle retention was examined by simultaneous measurement of the clearance of 2 flagellates with different sizes, either Rhinoinonas reticulata (mean diameter 6 pm) and Tetraselmis sp. (14 pm), or R. reticulata and Isochrysis galbana (4 pm). The colony clearance rate between 2 algal additions was determined according to Eq. (1) using the equation of the regression line describing the exponential reduction in the algal cell concentration in a semilog plot.
Growth experiments. Clones of Celleporella hyalina and Electra pilosa were cultured on glass microscope slides (39 X 76 mm) according to the methods of Hunter & Hughes (1995) and Bayer et al. (1994) , respectively. Once established, 4 separate clones, each of approximately 20 active zooids in number, were left on each slide. One slide from each of the 2 species was placed in a plastic rack, held in a 1 1 glass beaker containing 900 m1 of 0.2 pm filtered seawater maintained at 18'C by means of a water bath. Airstones provided turbulent mixing and aeration of beakers. Algal cells (Rhinomonas reticulata) were added every 24 h to obtain a range of concentrations (between 800 and 18000 cells ml-', see below). The number of cells in suspension was monitored twice daily (morning and evening) using a particle counter (Elzone 80 xy). Every third day the colonies were removed and hand drawn using a camera lucida. In addition, the total number of zooids was counted, noting the proportion of brown bodies as well as feeding and sexual zooids. The containers were cleaned and fresh filtered (0.2 pm) seawater and algae were added following each set of observations. The experiment continued for a period of 12 d. Five series (nos. 1 to 5) of feeding experiments with the 2 ectoproct species were performed. The mean (kSD) algal concentrations used in each experiment were: no. 1, 810 * 390; no. 2,2460 k 1320; no. 3,4620 + 2240; no. 4, 8830 2 3770; no. 5, 18500 * 6950 cells ml-l.
The initial growth rate of small ectoproct colonies may be expected to be exponential, i.e, increase with a fixed percentage, r. Therefore, the growth rate of colony size N (defined as either a function of total number of zooids or area of the colony) may be expressed by the equation:
where N is the size of the colony at a given time t, and No is the colony size at time t = 0. Because lnN = logloNAogloe, Eq. (4) may also be wrltten as: logloN = logloNo + trlogloe. A relation of this form gives a straight line if t is plotted on the linear scale and N o n the logarithmic scale, the slope of the line is rlogloe. In the present work the assumption of exponential growth is verified as a straight line when plotting the size of colony (N, number of zooids or area of colony, mm2) against time (t, days) on semilogarithmic paper, and the value of r is found by dividing the slope of the regression line with logloe = 0.4343. The calculated clearance rate capacity of the colonies is shown In (a) along with the regression line for the exponential algal reduction following the second algal addition at tlme 45 min. In all 3 cases it is seen that the initial clearance rate is relatively low, and further becomes reduced at low algal concentrations (see text for further information)
The doubling time for the colony t2 is found by inserting N = 2N0 in Eq. (3):
The constant r has been des~gnated as the 'intrinsic rate of natural increase' (Kitamura & Hirayama 1984) , or 'mean relative growth' (Bayer et al. 1994) . In this work we use the more common expression 'specific growth rate' When only initial and final colony size are known the specific growth rate may be calculated as:
RESULTS
Clearance rate capacity and feeding activity response to algal concentration in Electra pilosa Fig. 1 shows a series of 3 experiments. The first experiment (Fig. l a ) shows 2 typical phenomena which were studied in more detail in the subsequent experiments: (1) the maximum colony clearance rate of 50.1 m1 min-' was first determined following an initial phase of lower clearance rate (i.e. the slope of regression line was smaller, the estimated clearance rate being 39.2 m1 min-l); and (2) the clearance rate was lower (seen as an algal concentration reduction curve between time 140 and 170 min) immediately after a period of starvat~on (between time 80 and 140 rnin).
When the above experiment was repeated, differing only in that either the algal reduction was followed immediately after the first addition of algal cells to the previously starved colonies (Fig. l b) , or the algal cell concentration was followed downwards over time (Fig. lc : time 80 to 110 rnin), it became obvious that Electra pilosa reacts to low algal concentrations (below a few hundred algal cells ml-') by reducing its feeding activity. The maximum individual zooidal clearance rate was estimated as the colony clearance rate divided by the number of active zooids = 50.1/10736 = 0.28 m1 h-' zooid-' Fig. 2 shows how the number of active zooids (columns depicted in Fig. 2b ) varies with feeding conditions. There were no observable active zooids immediately after the starvation period previous to the first algal addition. However, after approximately 1 h >90% of the zooids were feeding (i.e. had their lophophores out). When the algal concentration was allowed to decrease for a period of time (between 200 and 240 min) the number of active zooids gradually declined. In spite of the expected uncertainty in the clearance rate measurements due to the short 5 rnin time intervals used, it appears (Fig. 2c) as if the clearance rate was constant during periods where the algal concentration was maintained between about 1500 and 3500 cells ml-l. However, when the same experiment was repeated, except using higher algal concentrations, between about 3500 and 8000 cells ml-', the clearance rate gradually decreased concomitantly with a conspicu.ous reduction in the number of active zooids (Fig. 3) . This shows that Electra pilosa responds to susalgal concentrations (equivalent to roughly 400 to tained high algal concentrations by withdrawal of the 4000 Rhinornonas cells ml-l). lophophore. Thus, E, pilosa may only continuously The higher variance in clearance rate in Fig. 2c comexploit its clearance capacity within a certain range of pared with Fig. 3c is not obvious, but may presumably be ascribed to a higher accuracy of the electronic particle counting at the higher algal concentration owing to a higher total number of cell counts during the fixed measuring time of 40 s used in all cases.
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Feeding and particle retention in Electra crustulenta
Figs. 4 & 5 show simultaneous clearance of 2 different sized algal cells in Electra crustulenta. Fig. 4a shows that Rhinornonas (6 pm) and Tetraselmis (14 pm) are cleared from the water at approximately the same rate (i.e. the retention efficiency of E. crustulenta for the 2 algae must be near identical). Moreover, at sustained low algal concentrations the clearance rate is constant (Fig. 4b) , whereas the clearance rate gradually declines at raised algal concentrations (Fig. 4c, d ). 
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The growth in colony size of both Celleporella hyalina and Electra pilosa was found to be exponential in all feeding experiments. Examples of exponential growth of 4 colonies, verified as straight regression lines in a semiloganthmic plot, cf. Eq. (4), in different feeding experiments are shown in Fig. 6 . The specific growth rates rfor colony size (total number of zooids or colony area) as a function of feeding time are shown i11 Table 1 .
The r-values in Table 1 were plotted as a function of algal concentration (Fig. 7) . Fig. 7 illustrates that the maximum growth rate, obtained at algal concentrations above roughly 4000 cells ml-', is about 0.10 d-' in Celleporalla hyalina and approximately 0.11 d-' in Electra pilosa. Refering to Eq. (5) this corresponds to doubling times of t2 = 0.693/0.10 = 7 and t2 = 0.693/0.12 = 6 d, respectively.
The clear morphological differentiation between male, female and feeding zooids in Celleporella hyalina enabled these characters to be monitored ( Table 2) . Electra pilosa is a protandrous hermaphrodite that does not exhibit somatic and sexual modularity, which led to the exclusion of sexual partitioning in this study. It appears from Table 2 that C. hyalina produces sexual zooids while feeding at high algal concentrations where the growth capacity is exploited (series nos. 3, 4 and 51, but at lower concentrations (series nos. 1 and 2) somatic growth apparently takes precedence. However, an alternative explanation for the latter observation is that the colonies in series no. 1 and 2 were of insufficient size to begin heavily investing in sexual zooids The present work has demonstrated that the filterfeeding activity in ectoprocts is influenced by the con- centration of algal cells in the surrounding water (Figs. 1 & 2) . Thus, when the algal concentration became very low (corresponding to a few hundred Rhinomonas cells ml-l) the colony clearance rate of Electra pilosa was gradually reduced as the number of actively feeding zooids was shutt~ng down (Fig. 1) . All zooids were observed to be inactive during a prolonged starvation period, but feeding was quickly resumed after new addition of algal cells (Fig. 2) . This closing-down phenomenon has hitherto been overlooked by experimental research workers, but it is in agreem.ent with the recent field observations of the Antarctic flustrids Alloeflustra tenuis and Nematoflustra flagellata which were found to be actively filterfeeding (lophophore index = 96% or higher) all the time, except for 3 mo in the winter when they shut down in response to extremely low phytoplankton concentrations, <0.1 pg chl a I-' (Barnes & Clarke 1994) . Simllar cessation of filter-feeding activ~ty at extremely low algal concentrations (below th.e 'trigger level') has been revealed in other marine filter-feeding invertebrates such as mussels Mytilus edulis (Riisgdrd & Randlav 1981), ascidians Ciona intestinalis (Petersen & Riisgdrd 1992) , and polychaetes Nereis diversicolor (Vedel et al. 1994) .
In the present work it was found that nearly 100% of the zooids were filter-feeding within a certain range of algal concentrations, roughly between 400 and 4000 Rhinomonas cells ml-' (Figs. 2 & 3) . Concentrations of -- (SandJensen et al. 1994 , Clausen & Rlisgard 1996 . In the Menai Strait (Wales, UK), Blight et al. (1995) ing the summer, near 1 pg 1-' (equivalent to 800 Rhinomonas cells ml-l). These values may be compared with those measured by (1996) performed laboratory experiments at very high concentration necessary to cover the energy requirealgal concentrations (up to 2 X 105 algal cells ml-'). ment in Celleporella hyalina is about 180 cells ml-' (or The laboratory-created phenomenon of 'satiation' at 0.2 pg chl a 1-l). Referring to these figures it may be unnaturally high algal concentrations, gradually leadexpected that the growth rate of ectoprocts may be ing to reduced clearance rates, is well known in other directly proportional to the algal concentration in the marine suspension-feeding invertebrates (e.g. (Fig. 7 ) . We found pumps. This stresses the importance, in particular that the growth rate was almost constant, about 10 to 12% d-', above 4000 and up to 18000 cells ml-l (Fig. 7) . However, reduced growth may be expected if the algal concentration is further increased (due to interruption of the feeding process and shutting down of the zooids). Thus, the growth rate measured by Hunter & Hughes (1993) In C. hyalina fed a concentration of 105 Rhinomonas cells ml-' every third day over a 49 d period was lower than that found in the present work: during the growth period the initial 10 autozooids increased to 249 which, referring to Eq. ( 6 ) , gives an estimated specific growth rate of r = ln(249/10)/49 = 0.066 Bayer et al. (1994) did not observe reduced growth in Electra pilosa at high algal concentrations. Recalculated maximum ectoproct specific growth rates obtained in both laboratory and field growth experiments are listed in Table 3 . It is apparent that maximum growth rates vary between different species and investigators. In general, most investigators have used much higher algal concentrations than required for maximum growth. Further, it is striking that a doubling time of only 2 d may be the m.aximum obtainable in ectoprocts. This calls attention to the need for further examination of optimal conditions for laboratory growth (and keeping) of ectoprocts.
The low retention efficiency of Electra crustulenta for the 4 pm algal cells (Isochrysis) as compared with the 6 pm (Rhinomonas) and 14 pm cells (Tetraselmis) in the present work (Figs. 4 & 5 ) supports the retentionefficiency spectrum recently determined for Celleporella hyalina (RiisgArd & Mannquez 1997) . This shows that the distance between neighbouring laterofrontal cilia, making up the laterofrontal filter on the lophophore tentacles, may be about 5 to G pm in both species.
The maximum individual zooidal clearance rate (F = volume of water cleared for particles >6 pm per unit of time by the laterofrontal filter) of Electra pilosa was found to be 0.28 m1 h-' This is in good agreement with clearance rates reported by Menon (1974) . Recently, Riisgard & Manriquez (1997) measured the pumping rate (Q = total volume of water pumped through the lophophore entrance) of E. pilosa to be 1.09 m1 h-' zooid-' The ratio F/Q = 0.28/1.09 = 0.26 shows that only about 25% of the total volume of water pumped by the lophophore is passing through the laterofrontal filter on the tentacles while the remaining water may bypass the tentacles in the outer part of the lophophore. Table 1 '~alculation based on first 21 d, values for colony no. 1 In Table 1 "egression equation for first 14 d , line B in Fig. 2 -
CONCLUSION
In t h e p r e s e n c e of a l g a l cells i n t h e concentration interval b e t w e e n a l o w e r 'trigger level' a n d a n u p p e r 'satiation level' filter-feeding ectoprocts continuously utilize t h e i r c l e a r a n c e capacity. O b s e r v a t i o n s of t h e f e e d i n g activity h a v e r e v e a l e d t h a t alterations i n colony c l e a r a n c e r a t e s as a r e s p o n s e t o e i t h e r e xt r e m e l y l o w or u n n a t u r a l l y h i g h algal concentrations
a r e c a u s e d b y a s h u t t i n g d o w n of t h e n u m b e r of actively f e e d i n g zooids. T h e l o w e s t a l g a l c o n c e n t r a t i o n t h a t c a u s e s m a x i m u m g r o w t h r a t e of ectoprocts is virtually identical to t h e m e a n s u m m e r p h y t o p l a n k t o n levels in fjords a n d coastal w a t e r s , and this implies t h a t ectoprocts i n n a t u r e , as a rule, a l w a y s utilize their c l e a r a n c e c a p a c i t y (i.e. n o physiological regulation of t h e filter-pump t a k e s p l a c e ) .
